The consequences of disturbance are known to be non-linear functions of disturbance intensity. In this study, we investigate the effects of a range of disturbance intensities by experimentally manipulating the cover of Fucus gardneri, a dominant intertidal alga. The effects of disturbance on subsequent Fucus recovery were similar for canopy reductions of 0-80%. However, complete removal of all Fucus individuals delayed Fucus recovery, as measured by canopy cover, by at least several months. Despite changes in the dominant alga, the abundance of invertebrates and other algae did not respond to cover manipulation. Our results suggest that the recovery from small-scale disturbances is enhanced if at least a few individuals survive the event. Only by examining a variety of levels of natural or anthropogenic disturbance will ecologists be able to understand observed recovery patterns and design management strategies.
Introduction
Disturbance plays a key role in structuring the dynamics of natural communities (Dayton, 1971; Connell, 1978; Lubchenco, 1978; Sousa, 1979 Sousa, , 1985 Paine and Levin, 1981; Paine et al., 1998) . The roles of disturbance frequency and intensity can be complex and non-linear (e.g. Connell, 1978; Lubchenco, 1978; Sousa, 1979 ). An understanding of how community response varies along a gradient of disturbance frequency or intensity is clearly central to understanding long-term population, community, and ecosystem dynamics.
Disturbance ecology has been hampered by the unpredictable nature of disturbance events in space and time. Because experiments are generally planned around disturbance events, rather than vice versa, system response to disturbance is typically assessed by comparing disturbed to undisturbed areas (e.g. before/after-control/impact, or BACI designs, Schmitt and Osenberg, 1996) . Although this approach can be statistically powerful, it does not examine the system response to intermediate levels of disturbance.
Here, we experimentally assess the response and recovery of an intertidal alga, Fucus gardneri, to a gradient of disturbance intensities. The response of fucoids to individual natural and anthropogenic disturbance events, such as ice-scour and oil spills, has been well documented (Southward and Southward, 1978; Chapman, 1991, 1997; Rolan and Gallagher, 1991; Highsmith et al., 1996; Houghton et al., 1996; Kiirikki and Ruuskanen, 1996; van Tamelen and Stekoll, 1996) . Studies to date have focused on the effect of presence versus absence of adult cover, but generally have not examined the effect of a range of adult cover densities on recovery. However, limited evidence suggests the effect of these processes may not necessarily be linear over a range of adult densities; in the absence of adult canopy, Fucus germling survivorship decreased non-linearly with increasing microclimate desiccation stress (van Tamelen et al., 1997) . Here, we test the net effect of a range of disturbance intensities, manifested as experimental canopy reductions, on the recovery of F. gardneri.
Methods

Study site and species
All experiments were conducted on Saddlebag Island in Padilla Bay, Washington, USA (48 • 32 N, 122 • 33 W). Located at the east end of the Northwest Straits, the island is very sheltered from wave action. The tidal regime is mixed diurnal, with the lower low tide occurring at mid-day in the summer and during the night in the winter. F. gardneri Silva (Phaeophyta: Fucaceae, formerly Fucus distichus in part) is widespread and abundant in the mid-to high-intertidal in the Northeastern Pacific (Waaland, 1977) . F. gardneri (henceforth Fucus) is the most abundant macroalga in the mid-to upper-intertidal on Saddlebag Island. It typically represents 80-100% canopy cover in this zone, but patches of sparser cover are common. Ephemeral algae, predominantly ulvoids and Porphyra spp., are seasonally abundant. Grazers include limpets (Lottia digitalis, L. strigatella, and L. pelta) and littorine snails (Littorina sitkana, L. scutulata, and L. plena).
Physical characteristics
Air and rock surface temperatures were measured on 26 August 1999, a clear sunny day with a predicted low tide of 24 cm below MLLW at 11:38 a.m. Temperatures were measured three times at each site during early, middle, and late low tide. Rock surface temperatures were measured with a digital thermocouple both under dense Fucus cover and on adjacent bare rock.
Disturbance treatments
The Fucus canopy was reduced at six replicate sites (A-F) around the island on gently sloping surfaces with over 80% initial Fucus cover. Sites were located more than 100 m apart; treatment plots within a site were <15 m apart. At each site, an experimental block was established with five 40 cm × 40 cm plots assigned haphazardly to a canopy reduction treatment. To reduce the canopy, adult plants were trimmed with scissors at the distal (reproductive) ends to an overall plot percent cover of 20, 40, 60, 80, or 100. Germlings were left untouched in these treatments. The reduction treatments are referred to as Tr20, Tr40, Tr60, Tr80, and Tr100. A sixth treatment, the complete removal of all adults and germlings (Tr0), was established at sites A-E. At site F, this treatment consisted of the removal of adults, but not of germlings, and was, therefore, omitted from statistical analysis. Microscopic recruits were neither counted nor directly manipulated in any treatment.
All plants were trimmed during mid-day low tides from 8 to 13 July 1998. Plots were monitored immediately before the treatments were established, and approximately every 6 weeks thereafter during low tide series from July 1998 to July 1999. All response variables were measured in the interior 20 cm × 20 cm region, leaving a buffer of 10 cm width to reduce edge possible effects such as whiplash and grazer refugia.
Three metrics of Fucus recovery were measured: percent canopy cover, number of adults, and number of germlings. Percent cover was estimated using the point-intersect method with a 49 point quadrat. Individuals smaller than 1 cm were defined as germlings; all other plants were defined as adults. In addition, the grazers Lottia spp. and Littorina spp. were counted, and the percent cover of ephemeral algae (ulvoids and Porphyra spp.) were estimated. Thirteen of the 36 plots, which had been located slightly lower on the shore, were reinitiated higher on the shore after the first 4 weeks (13 August 1998) following a dramatic ulvoid bloom in the low intertidal. By September 1998, there was no significant effect of the time lag on any of the response variables, so all plots were analyzed together by sampling date.
Statistical methods
To improve normality, Fucus germling, adult, and grazer densities were ln(x + 1) transformed. Fucus, Ulva, and Porphyra percent cover data were arcsine (square-root) transformed. All data analysis was conducted in JMP Version 3 (SAS Institute, 1995). The effect of treatment level throughout the study was tested for all response variables using a repeated measures analysis of variance (RMANOVA) blocked by site. Week 0 was excluded from this analysis, leaving four time points spanning September 1998 to July 1999. Variables showing significant responses to the disturbance treatments were further analyzed for temporal trends with one-way ANOVA blocked by site at each time point. Significant treatment effects at each time point were subsequently explored with post-hoc pairwise t-tests using a table-wide α-value of 0.05 and sequentially Bonferroni corrected α-values for each pairwise comparison (Rice, 1989) .
Results
Physical parameters
Rock surface temperature increased steadily through the daytime low tide on 26 August 1999, both with and without Fucus cover (Table 1) . Temperature of the rock surface without Fucus was significantly hotter at all sampling times, including early morning. By early afternoon, rock surfaces under the Fucus canopy were almost 7 • C cooler than exposed rock surfaces. The maximum bare rock temperature recorded on this day was 28 • C. By comparison, the maximum bare rock temperature ever recorded in the Fucus zone on Saddlebag Island was 41 • C on 20 July 2000 (Harley, 2001 ).
Fucus recovery
Fucus canopy cover differed between treatments over the course of the study (RMANOVA: F = 11.8, P < 0.001; Fig. 1a ). Canopy cover generally declined from July 1998 to midwinter, and then increased in the spring of 1999. Fucus percent cover varied significantly among treatments at every time point (ANOVA: P < 0.05 in all cases), except May 1999 (P = 0.103; Fig. 1a) . At week 10, the Tr0 percent cover remained significantly lower than in treatments Tr40-Tr100; Tr20 was significantly lower than Tr80-Tr100; and Tr40 was significantly lower than Tr100. By week 28, Tr20-Tr100 had converged, but Tr0 was still significantly lower than all other treatments. After 1 year, Fucus cover in all partial reduction treatments (Tr20-Tr100) recovered to 85-100%. The complete removal treatment (Tr0) recovered to just over half the level of the partial reductions (∼55% cover), a significantly lower recovery (ANOVA: F = 2.95, P = 0.028).
The number of adult Fucus also differed between treatments over the course of the experiment (RMANOVA: F = 7.67, P < 0.001; Fig. 1b) . The seasonal trend in adult abundance was similar to that of canopy cover; a decline in the fall was followed by an increase in the following spring. At week 28, Tr0 was still lagging significantly behind all other treatments (ANOVA: F = 5.90, P = 0.001), but by week 42 all treatments had converged (Fig. 1b) . The number of adults at 1 year was indistinguishable between treatments, and in all cases exceeded pretreatment levels.
Fucus germlings increased throughout most of the study period, peaking in May 1999 (Fig. 1c) . However, germling abundance was unaffected by experimental canopy reduction (RMANOVA: F = 1.56, P = 0.18).
Responses of other taxa
The abundance of the two grazer groups, limpets and littorines, did not vary significantly among treatments (RMANOVA: F = 1.40, P = 0.23 in both cases). Percent cover of ulvoids showed a similar lack of response to treatments (RMANOVA: F = 0.58, P = 0.72). Percent cover of Porphyra spp. responded weakly to the experimental treatments (RMANOVA: F = 2.20, P = 0.06), although there was no significant treatment effect at any given sampling date (P > 0.15 in all cases).
Discussion
In this study, we demonstrated that Fucus recovery was remarkably robust in the face of a range of partial canopy reduction treatments, but recovery trends differed between the partial reduction and complete removal treatments. As long as some Fucus remained in our experimental disturbances, time to canopy closure and canopy cover after 1 year showed no consistent trends with initial disturbance intensity. In the complete removal treatment (Tr0), canopy cover was significantly lower than the partial removal treatments even after 1 year, and the time to canopy closure was extended by at least several months.
The complete removal of macroscopic Fucus may inhibit recovery in a number of ways. We have shown that substrate temperatures are considerably higher on bare rock than under intact Fucus canopies. The amelioration of physical stress by adults often improves Fucus germling survival Johnson, 1991, 1993; van Tamelen et al., 1997) . Furthermore, reproductive adults are an important source of local recruits in species with short-distance dispersal such as Fucus (Ang, 1991a) . However, Fucus germlings were no more or less abundant in open areas over the course of our experiment. Canopy-forming algae have also been shown to enhance (McCook and Chapman, 1991; Albrecht and Reise, 1994) or suppress (Dethier and Duggins, 1988) herbivore abundance, and thus may indirectly influence recovery rates, but herbivore abundances in our experiment did not differ between treatments. Similarly, the removal of Fucus canopies often leads to blooms of other algal species (Southward and Southward, 1978; van Tamelen et al., 1997) , which may suppress recovery. Ephemeral algal cover was weakly, if at all, correlated with the initial disturbance intensity in our experiment.
Because there were no measurable differences in recruitment over the course of the experiment, and adult Fucus was similar across treatments in weeks 42 and 52; it seems likely that differences in growth are responsible for the slow recovery of the complete removal treatments. Two factors could result in slower Fucus growth. First, increased thermal and desiccation stress in open areas could reduce growth rates. Elevated temperature and desiccation are known to reduce photosynthetic rates in another high intertidal alga (Bell, 1993) . Second, the small initial size of individuals in the full removal treatments may have delayed canopy closure. Ang (1991b) showed that small F. distichus grew slower than larger individuals at some times but not at others. Malm et al. (1999) found that F. vesiculosus regenerating from holdfasts grew 3-10 times faster than sexually produced recruits. In our study, some combination of age-or size-specific growth and heightened physical stress may be responsible for the delayed recovery of the complete removal plots.
Our results indicate that Fucus populations are robust in the face of various disturbance intensities, as long as a few individuals remain. This conclusion, based on small-scale, experimental disturbances, agrees with observational evidence from much larger disturbances. Oil spills are likely the largest and most dramatic pulse disturbances encountered by intertidal organisms. In certain cases, oil only kills and removes the outer canopy layer of intertidal fucoids. Recovery in this instance is rapid, facilitated by the presence of surviving individuals (van Tamelen and Stekoll, 1996) . However, many spills are cleaned by high-pressure hot-water sprays, which remove both the oil and any surviving plants and animals (Foster et al., 1990) . When the system has thus been reset to zero, recovery takes much longer (Hawkins and Southward, 1992; van Tamelen and Stekoll, 1996) .
Conclusions
Disturbance plays a central role in structuring natural communities. However, population and community responses to disturbance do not necessarily scale linearly with disturbance intensity. In this study, we demonstrated that Fucus populations recover rapidly from a range of disturbance intensities provided that some individuals survive the disturbance event.
Complete removal of all macroscopic individuals, by comparison, greatly delays Fucus recovery. Natural history information such as this is crucial for predicting and understanding the effects of disturbance across a wide range of disturbance intensities.
